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Limits on the anomalousWWg and WWZ couplings are presented from a simultaneous fit to the data

samples of three gauge boson pair final states inpp̄ collisions atAs51.8 TeV: Wg production with theW
boson decaying toen or mn, W boson pair production with both of theW bosons decaying toen or mn, and
WW or WZ production with oneW boson decaying toen and the otherW boson or theZ boson decaying to
two jets. Assuming identicalWWg and WWZ couplings, 95% C.L. limits on the anomalous couplings of
20.30,Dk,0.43 (l50) and 20.20,l,0.20 (Dk50) are obtained using a form factor scaleL
52.0 TeV. Limits found under other assumptions on the relationship between theWWg andWWZcouplings
are also presented.@S0556-2821~98!50615-7#

PACS number~s!: 14.70.2e, 12.15.Ji, 13.40.Em, 13.40.Gp
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Gauge boson self-interactions are a direct consequenc
the non-AbelianSU(2)3U(1) gauge symmetry of the stan
dard model~SM! and are a necessary element to constr
unitary and renormalizable theories involving massive ga
bosons@1#. The values of trilinear gauge boson couplings a
fully determined in the SM by the gauge structure. The p
cise determination of the couplings constitutes one of f
remaining tests of the SM; any deviation from the SM valu
03110
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would indicate the presence of new physics. Phenomenol
cal bounds on the trilinear gauge boson couplings have b
obtained from the precisely measured quantities, such ag

22)m , the b→sg decay rate, theZ→bb̄ rate and oblique
corrections@2#. These bounds are obtained with many a
sumptions imposed on the couplings. The trilinear gauge
son couplings can be measured directly with fewer assu
2-2
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tions by studying gauge boson pair production proces
Direct measurements of the couplings have been reporte
the UA2 @3#, Collider Detector at Fermilab~CDF! @4,6,9#,
D0 @5,7,8,10#, and CERNe1e2 collider LEP @11# Collabo-
rations. Hadron collider experiments have established
electromagnetic coupling of theW boson to the photon@3–5#
and the existence of the coupling between theW boson and
the Z boson @6–10# by placing constraints on anomalou
WWg andWWZcouplings.

The WWg andWWZvertices are described by a gene
effective Lagrangian with two overall coupling constan
gWWg52e and gWWZ52e•cotuW ~where e is the W1

charge anduW is the weak mixing angle!, and six dimension-
less coupling parameters,g1

V , kV , andlV (V5g or Z!, after
imposing C, P, and CP invariance@12#. Electromagnetic
gauge invariance requires thatg1

g51, which we assume
throughout this paper. The effective Lagrangian becom
that of the SM wheng1

g5g1
Z51 (Dg1

V[g1
V2150), kV51

(DkV[kV2150), and lV50. Limits on these couplings
are usually obtained under the assumption that theWWg and
WWZ couplings are equal (g1

g5g1
Z51, Dkg5DkZ , and

lg5lZ!.
A different set of parameters, motivated bySU(2)

3U(1) gauge invariance, has been used by the LEP colla
rations@13#. This set consists of three independent couplin
aBf , aWf and aW : aBf[Dkg2Dg1

Z cos2 uW, aWf

[Dg1
Z cos2 uW andaW[lg . The remainingWWZcoupling

parameterslZ and DkZ are determined by the relationslZ

5lg and DkZ52Dkg tan2 uW1Dg1
Z . The Hagiwara-

Ishihara-Szalapski-Zeppenfeld~HISZ! relations @14# which
have been used by the D0 and CDF collaborations are
based on this set with the additional constraintaBf5aWf .

Non-SM couplings give rise to a large increase in t
cross section of gauge boson pair production processe
high energies. To avoid violation of unitarity, the anomalo
couplings are modified by form factors with a scaleL @e.g.,
lV( ŝ)5lV /(11 ŝ/L2)2#, which is related to the scale o
new physics.

The D0 collaboration has previously reported limits
anomalous WWg and WWZ couplings from the data
samples of three gauge boson pair final states:Wg produc-
tion with the W boson decaying toen or mn @5#, W boson
pair production with both of theW bosons decaying toen or
mn @7#, andWW or WZ production with oneW boson de-
caying toen and the otherW boson or theZ boson decaying
to two jets@8#. The data samples correspond to an integra
luminosity of approximately 100 pb21 collected with the D0
detector during the 1992–93 and 1993–1995 Tevatron
lider runs at Fermilab. This report is a culmination of the
studies and presents the most stringent limits available
anomalousWWg and WWZ couplings by performing a si
multaneous fit to the data samples of the above three
states. Limits are also set on thea parameters, enabling
direct comparison of our results with those of LEP expe
ments.

The D0 detector and data collection system are descr
elsewhere@15#. Limits on the anomalous couplings are o
tained by a maximum likelihood fit to the transverse ene
03110
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(ET) spectrum of a final state gauge boson or to theET
spectra of the decay leptons from the gauge boson pair. S
the predicted relative increase in the gauge boson pair
duction cross section with anomalous couplings is greate
higher gauge bosonET , fits to theET spectra provide sig-
nificantly tighter constraints on anomalous couplings th
those from the measurement of the cross section alone.
individual analyses have been described in detail previou
@10#. This paper reports only on the simultaneous fit to t
three data sets.

In this analysis, as in the previous reports, a binned ma
mum likelihood fit is performed to the candidate events. T
probability Pi for observingNi events in a given bin of a
kinematical variable isPi5e2(bi1ni ) (bi1ni)

Ni/Ni !, where
bi is the estimated background,ni„5Les i(l,Dk)… is the
expected signal,L is the integrated luminosity,e is the de-
tection efficiency, ands i is the theoretical cross sectio
which is a function of anomalous couplings,l andDk. The
joint probability P for all the kinematical bins that are fitte
is P5P i 51

NbinPi . Since the variablesbi ,L, e and the normal-
ization of the predicted theoretical cross section
estimated quantities with some uncertainty and do
depend on l and Dk, we assign Gaussian prio
distributions and integrate over the possible rang
P8}*Gf n

d fn*Gf b
d fb P i 51

Nbine2( f nni1 f bbi )( f nni1 f bbi)
Ni/Ni !,

whereGf b
andGf n

are Gaussian functions with standard d

viation sb andsn for the background and the signal, respe
tively. For convenience, the log-likelihood,L52 log P8, is
used. When the simultaneous fit is performed on the th
data sets, correlations betweensb andsn for different final
states are carefully taken into account.

In Table I, the 95% C.L. limits on anomalousWWg cou-
plings from theWg analysis are listed. TheWg candidate
events are selected by requiring an isolated highET electron
or muon, large missing transverse energy (E” T) and an iso-
lated highET photon. The limits are obtained from a binne
maximum likelihood fit to theET spectrum of the photons. In
this process, onlylg andDkg couplings are involved.

In Table II, the 95% C.L. limits from theWW
→dilepton analysis are listed. TheWW→dilepton candidate

TABLE I. Limits at 95% C.L. from theWg analysis.

L51.5 TeV

lg (Dkg50) 20.31, 0.29
Dkg (lg50) 20.93, 0.94

TABLE II. Limits at 95% C.L. from theWW→dilepton analy-
sis.

L51.5 TeV

lg5lZ (Dkg5DkZ50) 20.53, 0.56
Dkg5DkZ (lg5lZ50) 20.62, 0.77
lg(HISZ) (Dkg50) 20.53, 0.56
Dkg(HISZ) (lg50) 20.92, 1.20
2-3
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events are selected by requiring two highET leptons (ee,
em, or mm! and largeE” T . The limits are obtained from a
maximum likelihood fit to the number of observed candid
events in two-dimensionalET bins of the decay leptons from
the W boson pair.

In Table III, the 95% C.L. limits from theWW/WZ
→enj j analysis are listed. TheWW/WZ→en j j candidate
events are selected by requiring an isolated highET electron,
large E” T , and two highET jets. The invariant mass of th
two jet system must be consistent with that of theW or Z
boson. Limits are obtained from a binned maximum like
hood fit to theET spectrum of theW boson calculated from
the electronET andE” T , using four sets of relationships be
tween the WWg and WWZ couplings: ~i! Dk[Dkg
5DkZ , l[lg5lZ , ~ii ! HISZ relations,~iii ! varying the
WWZcouplings, while theWWg couplings are fixed to the
SM values, and~iv! varying theWWg couplings, while the
WWZ couplings are fixed to the SM values. Two values
L, 1.5 and 2.0 TeV, are used.

Tables I–III are reproduced from the previous repor
Figure 1 contains the 95% C.L. two-degree of freedom
clusion contours@16# from the Wg, WW→dilepton, and
WW/WZ→en j j analyses. The contours that represent
unitarity constraint@17# for individual processes are omitte
in Fig. 1.

FIG. 1. Contour limits on anomalous couplings forL
51.5 TeV. For theWW→dilepton andWW/WZ→en j j contour
limits, theWWg andWWZcouplings are assumed to be equal. T
contours plotted in Figs. 1–3 are accurate to60.02 due to MC
statistics.

TABLE III. Limits at 95% C.L. from the WW/WZ→en j j
analysis.

L 1.5 TeV 2.0 TeV

lg5lZ (Dkg5DkZ50) 20.36, 0.39 20.34, 0.36
Dkg5DkZ (lg5lZ50) 20.47, 0.63 20.43, 0.59
lg(HISZ) (Dkg50) 20.36, 0.39 20.34, 0.36
Dkg(HISZ) (lg50) 20.56, 0.85 20.53, 0.78
lZ(SM WWg) (DkZ5Dg1

Z50) 20.40, 0.43 20.37, 0.40
DkZ(SM WWg) (lZ5Dg1

Z50) 20.60, 0.79 20.54, 0.72
Dg1

Z(SM WWg) (lZ5DkZ50) 20.64, 0.89 20.60, 0.81
lg(SM WWZ) (Dkg50) 21.21, 1.25 –
Dkg(SM WWZ) (lg50) 21.38, 1.70 –
03110
e

f

.
-

e

In Table IV, the 95% C.L. limits from a simultaneous fi
to the three data sets are presented. The common unce
ties, those on the integrated luminosity~5.3%! and the theo-
retical cross section of the gauge boson pair produc
~7%!, are factored out and included only once in the integ
tion. Correlations in the uncertainties on the electron a
muon selection efficiencies between the data sets of
1992–1993 and 1993–1995 runs are properly taken into
count for individual final states. Correlations in the unce

FIG. 2. Contour limits on anomalous couplings from a simul
neous fit to the data sets ofWg, WW→dilepton, andWW/WZ
→en j j final states forL51.5 TeV: ~a! Dk[Dkg5DkZ , l[lg

5lZ ; ~b! HISZ relations;~c! SM WWg couplings; and~d! SM
WWZ couplings.~a!, ~c!, and ~d! assume thatDg1

Z50. The solid
circles correspond to 95% C.L. one-degree of freedom exclus
limits. The inner and outer curves are 95% C.L. two-degree
freedom exclusion contour and the constraint from the unita
condition, respectively. In~d!, the unitarity contour is located out
side of the boundary of the plot.

TABLE IV. Limits at 95% C.L. from a simultaneous fit to the
Wg, WW→dilepton andWW/WZ→en j j data samples. The fou
sets of limits apply the same assumptions as the four compon
~a!, ~b!, ~c! and ~d!, respectively, of Fig. 2.

L 1.5 TeV 2.0 TeV

lg5lZ (Dkg5DkZ50) 20.21, 0.21 20.20, 0.20
Dkg5DkZ (lg5lZ50) 20.33, 0.46 20.30, 0.43
lg(HISZ) (Dkg50) 20.21, 0.21 20.20, 0.20
Dkg(HISZ) (lg50) 20.39, 0.61 20.37, 0.56
lZ(SM WWg) (DkZ5Dg1

Z50) 20.33, 0.37 20.31, 0.34
DkZ(SM WWg) (lZ5Dg1

Z50) 20.46, 0.64 20.42, 0.59
Dg1

Z(SM WWg) (lZ5DkZ50) 20.56, 0.86 20.52, 0.78
lg(SM WWZ) (Dkg50) 20.27, 0.25 20.26, 0.24
Dkg(SM WWZ) (lg50) 20.63, 0.75 20.59, 0.72
2-4
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tainties on the electron and muon selection efficiencies
tween different final states are ignored, since
uncertainties themselves are small and have practically
effect on the limits. Correlations in the uncertainties on
background estimates between the data sets of the 19
1993 and 1993–1995 runs are properly taken into acco
for individual final states. The uncertainties on the ba
ground estimates between different final states are assu
to be uncorrelated, since the dominant sources of uncer
ties are different for the three final states. Figure 2~a! shows
the contour limits when theWWg andWWZ couplings are
assumed to be equal. Figure 2~b! shows the contour limits
assuming HISZ relations. In Fig. 2~c!, the contour limits on
anomalousWWZ couplings are shown assuming the S
WWg couplings. TheU(1) point ~kZ50, lZ50 and g1

Z

50! indicated in the figure, which implies that there is n
coupling between theW boson and theZ boson, is excluded
at the 99.99% C.L. In Fig. 2~d!, the contour limits on anoma
lous WWg couplings are shown assuming the SMWWZ
couplings. The solid circles correspond to 95% C.L. on
degree of freedom exclusion limits. The inner and ou
curves are 95% C.L. two-degree of freedom exclusion c
tour @16# and the constraint from the unitarity condition wi
L51.5 TeV, respectively.

In Table V, the 95% C.L. limits on thea parameters from
a simultaneous fit to the three data sets are presented. L
on Dg1

Z are obtained, from the limits onaWf for aBf5aW

50. For comparison, limits from the OPAL collaboratio

TABLE V. Limits at 95% C.L. ona parameters from a simul
taneous fit to theWg, WW→dilepton andWW/WZ→en j j data
samples. Limits from the OPAL collaboration based on data ta
at As5172 GeV are also listed for comparison.

L 1.5 TeV 2.0 TeV OPAL

aBf (aWf5aW50) 20.81, 0.61 20.77, 0.58 21.6, 2.7
aWf (aBf5aW50) 20.24, 0.46 20.22, 0.44 20.55, 0.64
aW (aBf5aWf50) 20.21, 0.21 20.20, 0.20 20.78, 1.19
Dg1

Z (aBf5aW50) 20.31, 0.60 20.29, 0.57 20.75, 0.77
tt.
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.
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based on data taken atAs5172 GeV@11# are also listed in
Table V. Limits from other LEP collaborations are similar
those from OPAL. Figure 3~a! shows the contour limits in
the aW-aBf plane, whenaWf50. Figure 3~b! shows the
contour limits in theaW-aWf plane, whenaBf50.

In summary, limits on the anomalousWWg and WWZ
couplings are obtained from a simultaneous fit to the d
samples of three gauge boson pair final states. These li
are the tightest limits available on the anomalousWWg and
WWZcouplings.
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FIG. 3. Contour limits on anomalous couplings from a simul
neous fit to the data sets of theWg, WW→dilepton, and
WW/WZ→en j j final states forL51.5 TeV: ~a! aW vs aBf when
aWf50; and~b! aW vs aWf whenaBf50. The solid circles cor-
respond to 95% C.L. one-degree of freedom exclusion limits. T
inner and outer curves are 95% C.L. two-degree of freedom ex
sion contour and the constraint from the unitarity condition, resp
tively.
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